ABSTRACT: Predicting the spatial and temporal patterns of marine larval dispersal and supply is a challenging task, requiring the use of novel approaches capable of capturing the inherent variability in the mechanisms involved. Biophysical models are emerging as important tools used to understand dispersal and recruitment of marine larvae on several scales, and are used here to investigate these problems in the Northeast Atlantic Iberian Upwelling system. We used a Regional Ocean Modelling System configuration coupled with an individual-based model in order to simulate diel vertical migration and estuary-reinvasion behaviours, growth and mortality of larvae of the common shore crab Carcinus maenas. With this simulation we aimed to hindcast coast-wide connectivity patterns under the atmospheric and river flow forcings of the years 2001 to 2009. In a previous study, this model had been shown to produce time series of larval supply to a single population, at daily frequencies, that were strongly correlated with observed time series. In the current application, the model predicts that along-shore advection of larvae is variable from year to year; is correlated with the annual North Atlantic Oscillation index, which reflects the strength and persistence of equatorward winds; and is usually asymmetric, with a predominant equatorward transport. The model also predicts a source-sink cell located between the MurosNoia and Mondego estuaries, where populations in the north consistently act as net sources of larvae supplying net sink populations to the south. This source-sink cell appears to be related to the existence of habitat gaps, coast geo metry and an oceanographic retention effect associated with upwelling dynamics.
INTRODUCTION
Many fish and invertebrate species occurring in coastal waters of the world have a bi-phasic life cycle, where a sessile or sedentary benthic adult produces a planktonic larva. The processes of larval dispersal and mortality are thought to play a fundamental role on population dynamics of these marine species (Roughgarden et al. 1985) , by setting the geographical scale of populational units (Cowen et al. 2000 , Sale & Kritzer 2003 and controlling the level of larval supply to the adult habitat (Morgan 1995 , Caley et al. 1996 . Many marine populations are, therefore, demographically open, partly depending on processes that occur elsewhere influencing the production, movement and survival of dispersers. Understanding how networks of populations (i.e. metapopulations) are connected by dispersal is, therefore, crucial for understanding gene flow, evolution, biodiversity patterns and resilience of marine populations, as well as for developing effective management measures capable of providing local benefits in terms of resource yield and biodiversity conservation (Levin 2006) .
Empirical observations using genetic (e.g. Hellberg 1994, Doherty et al. 1995 , Shulman & Bermingham 1995 , Sotka et al. 2004 , Domingues et al. 2010 and geochemical site-specific tags (e.g. Swearer et al. 1999 , Sale & Kritzer 2003 , Becker et al. 2007 ) indicate that moderate levels of larval exchange typify many marine populations over a range of spatial scales. Yet, the minute size of the larvae, the large mortality rates and the unbounded nature of dispersal pathways in the marine environment create logistic difficulties in describing the origin and destination of individual larvae and obtaining empirical measures of dispersal and connectivity.
To overcome these difficulties, numerical models of ocean circulation coupled to individual models simulating larval biology (biophysical models) have been increasingly used to describe larval dispersal, supply and connectivity of marine populations. Biophysical models provide a simulation environment integrating abiotic variability of the marine environment with biological processes at multiple temporal and spatial scales (Morgan 1995 , Caley et al. 1996 , Miller 2007 , Werner et al. 2007 , Metaxas & Saunders 2009 ). In several applications, biophysical models of larval dispersal have been used to provide theoretical expectations of the effects of various forcing factors on transport (Botsford et al. 1994 , Cowen et al. 2000 , Siegel et al. 2003 , Levin 2006 . These studies often assume a spatially homogeneous stochastic flow and passive dispersal (Largier 2003) . Under these conditions, the position of a particle at time t depends on a mean velocity (i.e. advection) and on a variance of the stochastic processes (i.e. eddy diffusion). This simple advective-diffusive paradigm is not more than a null model and results in a Gaussian dispersal kernel describing the spatial distribution of settling particles. More realistic applications have used models that include topography and stratification, coupled to different types of particle behavioural schemes, in order to resolve the interactions among oceanographic and biological processes determining larval dispersal patterns. When properly fine-tuned to species-specific biological traits and compared against field observations, these models have provided useful insights into the factors that control observed spatial distributions of adults (Incze et al. 2000 , James et al. 2002 , recruits (Pfeiffer-Herbert et al. 2007) or larvae (Ellien et al. 2004 , Paris & Cowen 2004 , Peliz et al. 2007b , Erftemeijer et al. 2009 ).
Recently, biophysical models have also been used as a basis for seascape genetic models and applied to explain phylogeographic patterns and spatial distributions of allele frequencies (Galindo et al. 2010) .
The use of numerical biophysical models of larval dispersal to predict connectivity patterns in benthic species with a bi-phasic life cycle should be used with care (Werner et al. 2007 ). Difficulties still impinging the widespread use of models to this end result from the complexities of oceanographic circulation, which spans a wide range of spatial scales and includes several non-linear processes such as internal and surface tides, waves or turbulent mixing, from the variability of the biological processes themselves such as behaviour, feeding and mortality, and from technical issues related to parameterization of sub-grid processes and nesting of domains with different grid dimensions. These complexities have prompted several authors to apply stochastic modelling methods to the problem of marine larvae dispersal . However, several important aspects of larval dispersal variability over a variety of space and time scales appear to be correlated with ocean flow (Largier 2003 , Siegel et al. 2003 , Pineda et al. 2007 , and the use of hydrostatic models such as the Regional Ocean Modelling System (ROMS) is appropriate in these cases.
In the present study, we generated coast-wide connectivity matrices and dispersal kernels for a coastal invertebrate along the Iberian Peninsula for 9 consecutive years. We used a numerical biophysical model in order to understand how patterns of connectivity change, on an inter-annual basis, in response to mid-to long-term changes in atmospheric forcing. Our model uses ROMS coupled to an Individual Based Model (IBM) simulating temperaturedependent growth, physiologic mortality due to suboptimal environmental conditions and diel vertical migration behaviour of larvae of the common shore crab Carcinus maenas. The model has been previously validated elsewhere (Domingues et al. 2012 ). In the Domingues et al. (2012) study, the performance of the model to hindcast the dispersal processes during the larval phase of C. maenas was assessed by comparing time series of expected supply of competent larvae to the Ria de Aveiro, an estuary located in the northwest Portu guese coast (see Fig. 1 ), generated at daily frequencies during the larval season of 2 consecutive years, against measurements of supply made at the same frequencies. Cross-correlations between observed and expected supply time series were significant and ranged from 0.34 to 0.81 at −6 to + 5 d time lags, depending on growth rate and mor-tality. The performance of the model was mainly associated with its ability to describe supply events associated with wind-driven circulation, which is the most important component of shelf circulation in this coastal upwelling region (Relvas et al. 2007 ). Moreover, the model predicted cross-shelf larval distributions that were significantly correlated (r = 0.82, p < 0.001) with observed concentrations (Queiroga 1996) , as well as average dispersal distances during planktonic development ranging from 57 to 183 km. These predicted dispersal distances are remarkably consistent with estimates of dispersal distance based on the species' annual rate of range expansion in invaded regions (Shanks et al. 2003) .
In the present study, we used a configuration of our biophysical model that employed a diel vertical migration (DVM) scheme inferred from observations made on the Portuguese shelf, as well as growth and mortality rates derived from laboratory experiments (i.e. the Lagrangian offline model). These options reflect a conservative approach relative to other possible growth and mortality rates, but which are unsubstantiated by available data. This configuration of the model produced correlations between observed and predicted supply ranging from 0.58 to 0.66 at time lags smaller than ± 5 d (Domingues et al. 2012) . The predictions of the model now reported strongly suggest several spatial and temporal patterns of connectivity, related to the wind-driven circulation around the Iberian Peninsula, the availability of habitat and the configuration of the coastline, some of which are non-trivial. The model predicted a general southward advection of larvae, consistent with the main patterns of circulation in the region; a recurrent source-sink cell located in the northwest coast, related to habitat gaps and an oceanographic retention effect and a barrier to northward dispersal between the Tejo and the Mondego Rivers.
METHODS

The environment
The west coast of the Iberian Peninsula is located on the northernmost limit of the Eastern North Atlantic Upwelling Region, running for about 700 km along a north-south direction. At the north and south extremes, near Capes Finisterre and S. Vicente, the coast veers east and extends for a few hundreds of kilometres. Several estuarine systems and rias occur along the west Iberian coast, and stretches of sandy shores alternate with rocky shores on scales of kilometres to a few tens of kilometres. This geological setup provides a conceptually interesting environment to test population connectivity in coastal species because it effectively demarcates local populations along a coast that is approximately linear, with only a few coastal islands and shallow bays.
Circulation off the west Iberian coast (Peliz et al. 2005 , Relvas et al. 2007 ) is mostly controlled by the interaction of the Iberian Poleward Current (IPC) with the upwelling/downwelling circulation driven by along-shore winds and with the Western Iberian Buoyant Plume (WIBP). The IPC flows over the slope. It results from a meridional pressure gradient with higher values to the south, which causes an eastward geostrophic advection that is diverted to the north when it encounters the slope (Peliz et al. 2003 ). The coastal waters over the shelf are under the influence of the along-shore wind circulation (Fiúza 1983 , Frouin et al. 1990 , Haynes et al. 1993 . During winter, the flow is predominantly in the northward direction, because the poleward flow along the slope is reinforced and extends to the shelf in response to southerly winds associated with the passage of cold fronts. Southward flow prevails during spring and summer because of the dominance of northerly, upwelling-favourable winds. This wind-driven southward current flows over the poleward slope current and pushes it offshore (Peliz et al. 2003) . The WIBP originates from runoff of the many freshwater sources in the area. It is perceived as a lens of low salinity water persisting year round, albeit less conspicuous during summer. The WIBP interacts in a complex manner with the winddriven circulation, being contained in the inner shelf by downwelling winds and stretching offshore during upwelling periods.
Although upwelling filaments (Haynes et al. 1993 , Huthnance et al. 2002 and the dynamics of the WIBP may be responsible for the offshore transport of larvae, both the upwelling front (Roughgarden et al. 1991 ) and species-specific larval behaviours (Poulin et al. 2002 , Shanks & Brink 2005 ) may constitute obstacles to offshore dispersal. Therefore, the scale of connectivity among populations of coastal species along the west coast of the Iberian Peninsula is probably regulated by the along-shore circulation over the shelf driven by upwelling and downwelling winds .
The oceanography of the north and south coasts of the Iberian Peninsula is not as well studied, but it appears that they are connected on a seasonal basis with the west coast. During winter, the IPC and the buoyant plumes flow around the Finisterre Cape, invading the Bay of Biscay. At the same time, the Gulf of Cadiz Countercurrent (Relvas & Barton 2005) and the Mediterranean Outflow promote water transport around the S. Vincent Cape into a poleward direction. During the summer, the reverse occurs. On the south corner, the upwelling dynamics and the Gulf of Cadiz Current (Peliz et al. 2007a ) promote transport to the Gulf of Cadiz, whereas at the north corner water masses are dragged from the Bay of Biscay.
Biological model
Our biological model was developed to mimic the early life history traits of the portunid shore crab Carcinus maenas (L.). The shore crab is amongst the most characteristic and successful crustaceans that inhabit European coastal waters. Its wide geographical distribution and local high abundance place C. maenas as a species of prime ecological importance. C. maenas lives mostly in estuarine systems in southern Europe. During the reproductive season, which occurs from winter to early summer, berried C. maenas females move to the lower estuary where free swimming planktonic larvae (first zoeae) hatch during nocturnal ebb tides. Hatching during night time ebb is thought to maximise larval seaward transport by the strong ebb currents, as well as to reduce predation pressure on both larvae and females (Queiroga et al. 1994 ). This behaviour results in pulses of abundance of first zoeae that last for 3 to 5 d and recur at fortnight intervals (Queiroga et al. 1994 (Queiroga et al. , 1997 . C. maenas larval phase comprises 4 planktotrophic zoeae and 1 megalopa, which is the stage that reinvades estuaries and metamorphoses into the first benthic crab stage (Rice & Ingle 1975) . Planktonic development lasts from 4 to 6 wk, depending on water temperature (Dawirs 1985 , Mohamedeen & Hartnoll 1990 , Nagaraj 1993 . At 20°C, the duration of the different larval stages increases from 3 d in zoea-1 to 5 d in zoea-4, and the megalopal stage lasts 9 to 10 d. At 15°C, the zoeal stages require 5 to 8 d to moult, and the megalopae over 14 d (Mohamedeen & Hartnoll 1990) . At 6°C, shore crab larvae are unable to moult. C. maenas larvae display a diel vertical migration behaviour in coastal waters (Queiroga et al. 1997 , dos Santos et al. 2008 and their dispersal pathways deviate strongly from expectations based on assumptions made by passive dispersal models (Marta- .
Carcinus maenas forms large populations in estuaries and rocky shores in European coastal waters, with densities in this latter habitat decreasing with increasing exposure (Crothers 1970) . Towards the southern end of its range, estuarine populations are still very important, especially in estuaries with large intertidal mudflats and seagrass beds (e.g. Gomes 1991 , Queiroga 1995 , Neves et al. 2007 , Almeida et al. 2008 , but the species is rare or absent in exposed rocky shores, probably due to intense competition with, or predation by, grapsid crabs that are common southward of Brittany (Flores & Paula 2001) . The species is also abundant in the middle and upper reaches of Galician Rias (e.g. Junoy & Viéitez 1990 , Cacabelos et al. 2010 , and may also be frequent in the protected rocky shores downstream. Due to the lack of comparable data and of the geomorphological differences between Portuguese estuaries and Galician Rias, we did not attempt to model larval production as a function of population size or any of its proxies (e.g. system's area). Therefore, the patterns described here depend exclusively on the oceanography and on larval biology, but they suggest hypotheses about spatial and temporal patterns of dispersal and connectivity that may be tested in the future with other methodologies.
Oceanographic model
The simulations were conducted using a 3D freesurface, terrain-following primitive equation hydrostatic model configurable for fully realistic regional applications, based on ROMS (Shchepetkin & McWilliams 2005) . The present configuration represents an improvement and extension of the configuration used by Peliz et al. (2007a) and Oliveira et al. (2009) to the Atlantic margin of the Iberian Peninsula, and is identical to that used by Domingues et al. (2012) to describe the links between dispersal and supply of Carcinus maenas larvae in the same area. The reader is addressed to these studies (Peliz et al. 2007a , Oliveira et al. 2009 , Domingues et al. 2012 ) for further details.
Two grids were used to resolve the circulation of the Iberian margin ( Fig. 1 ): a first domain grid (FD, Fig. 1A) , with a resolution of 1/10° (ca. 10 km), from 32° W to 0.5° W and 30° N to 48° N. The FD was used to provide initial and boundary conditions, through offline nesting, to the large domain (LD, Fig. 1B) . The LD has a horizontal resolution of 1/27° (i.e. a mean resolution of 3.1 km) and 60 vertical levels, including the western Iberian margin, from the Gulf of Cadiz at 34.5°N to the Bay of Biscay at 45.5°N, and from 12.5°W to the Strait of Gibraltar at 5.5°W. The LD covers an area of ~1300 × 600 km and constitutes the target domain used for the dispersal simulations. The FD was first initialized from rest using monthly temperature and salinity climatologies from the World Ocean Atlas 2005 (WOA05; Conkright et al. 2002) at the boundaries. After a 4-yr spin-up with the Comprehensive Ocean-Atmosphere Data Set (COADS; da Silva et al. 1994) , realistic forcing at the surface was started. This forcing consisted of the NCEP2 air-sea fluxes (www.ncep.noaa.gov) and QuikSCAT reanalysed satellite winds (cersat.ifremer.fr) for the period 2001 to 2009, with a spatial resolution of 0.5°. Forcing of the LD was the same as for the FD, ensuring consistency of forcing for both domains and avoiding problems at the boundaries. For the target domain LD, the Mediterranean Undercurrent (MU), originating from the Strait of Gibraltar and flowing along the southwest and west margins of the Iberian Peninsula, was imposed by a boundary inflow/outflow condition at the Strait of Gibraltar (Peliz et al. 2007a) . The inflow of freshwater to the ocean, originating from the main rivers of the region, was included in the form of realistic river outflow (provided by INAG, Water Institute of Portugal) when available. When there were no registers of river outflow during a period of time, a climatological value for seasonal river outflow was imposed. The outputs of the model, consisting of temperature, salinity and 3D velocity fields, were stored every 4 h in order to be used for the La grangian model described below.
Lagrangian offline model
In order to simulate hatching, behaviour and growth of Carcinus maenas larvae an Individual Based Model (IBM), similar to that used in the Domingues et al. (2012) study, was coupled to ROMS using ROFF (Carr et al. 2007) . ROFF is a drifter-tracking code that simulates larval trajectories from stored ROMS velocity and hydrological fields.
The drifter-tracking code simulates larval trajectories from stored ROMS velocity and hydrological fields using a high order predictor-corrector scheme to integrate the motion equation dX/dt = U ROMS (X,t), with X being the position vector (x,y,z), and U ROMS being the modelled 3D velocity vector over time, given an initial condition X(t 0 ) = X 0 . The time step used in this Lagrangian model, dt, is 300 s. In ad dition to the advection generated by the model velo cities, the particle movements included random velocities in the vertical direction, which were used to parameterize unresolved turbulent processes. A DVM scheme inferred from Queiroga (1996) and dos Santos et al. (2008) was also explicitly introduced in the model. The DVM scheme consisted of forcing the larvae to drift at depth between 06:00 h and 20:00 h, and near the surface between 22:00 h and 04:00 h, every day, while during the remaining periods the larvae migrated between the surface and the deep levels (defined as the bottom layer of the model if the local depth is shallower than 60 m, or 60 m if the local depth is deeper).
In order to simulate hatching patterns, a set of 225 virtual larvae were released every fortnight during nocturnal ebb in the surface layer, near each of 14 estuarine systems (Navia, Ortigueira, Betanzos, Muros-Noia, Vigo, Minho, Cávado, Ria de Aveiro, . These years were chosen as a compromise between availability of forcing data, inclusion of a large enough period encompassing the variability of the Iberian coast oceanography and computational time required. The position, temperature, velocities and age of a total number of 37 800 particles per year (225 larvae per estuary × 12 release periods × 14 estuaries; henceforth referred to as either particles or larvae) were stored with a time step of 2 h. To de crease computation time, we only used estuaries separated by at least 40 km. Since estuarine inlets were not conveniently represented by the model, we released and recruited larvae in an area of the shelf adjacent to each estuary (approximate 12 × 12 km), which roughly corresponds to the area of the influence of the estuarine plume, and defined supply to the estuaries as the number of competent lavae that crossed that respective area (Fig. 1 ).
Tides were not used in the model because previous work has shown that tidal currents do not affect the net horizontal advection of larvae that undergo DVM over the west Iberian shelf (Marta- . Temperature-dependent planktonic larval duration (PLD) and mortality were modelled pooling information from laboratory studies where larvae were reared without substrate (Mohamedeen & Hartnoll 1990 , Nagaraj 1993 . The proportional effects of temperature on PLD, and of temperature and salinity on mortality, based on the time a larva was exposed to a specific temperature in the case of PLD, or to a specific combination of temperature and salinity in the case of mortality, were estimated by linearly interpolating between the laboratory data for each larval stage. Age and the probability of death were assessed at each time step of the Lagrangian model. Larvae were killed randomly based on the proportional death rate during that time step. If a larva survived physiological stress, it would grow from age 0 at hatching to age 4 at the moult to megalopa, corresponding to stages zoeae 1 to 4; megalopae lived and remained competent until age 5 and then died. No other temporally or spatially distributed source of mortality (e.g. predation) was used because of lack of information.
The choice of some of the parameters and behaviours used in the present study was supported by the Domingues et al. (2011a) study and by several other preliminary experiments. Time steps, dt, smaller than 300 s always produced identical results in terms of number of larvae supplied to each estuary, while longer time steps introduced changes relative to the results obtained with 300 s, which arose from numerical issues. The time step of 300 s was, therefore, chosen as a compromise between accuracy and computing time. Several sizes of the larval release and recruitment zones had been tested by Domingues et al. (2011a) , by analysing the effect of area size on the predicted supply to the Ria de Aveiro. The intermediate size was the one that best represented observed supply to the Ria de Aveiro (the others were half and double the area). Using that size as a standard, we used similar sizes for all the estuaries. The number of particles used in numerical simulations of dispersal may considerably affect the estimates of long-distance dispersal, because a few particles may be subjected to rare combinations of spatially varying flows (Cowen et al. 2000) . In the experiments reported by Domingues et al. (2012) , mortality did not appear to affect the patterns of dispersal and supply. These experiments effectively provided an assessment of the effect of varying the number of particles introduced into the model. A larger number of particles could, indeed, result in rare events of long-distance dispersal, but these would not likely affect the average connectivity patterns. Initial tests in one single year with twice the number used in the present study did not seem to result in long-distance dispersal. The final number used in the present study is a compromise to computing and analysis time. Finally, the influence of DVM on the cross-shore distribution of larvae and retention on the shelf had also been tested in the Domingues et al. (2012) study, which showed that the runs with DVM produced cross-shelf distributions of larvae that matched observed concentrations. We, therefore, included DVM in the present study.
Data analysis
In order to describe the dispersal and connectivity process, some central concepts related to dispersal and accumulation of larvae should be introduced. Whenever we specify dispersal kernel, dispersal from source or supply from source, we are always referring to the process of transport of larvae away from each population or ensemble of populations where they hatched. Conversely, accumulation kernel, accumulation to sink or supply to sink always refers to the process of transport of larvae recruiting into each population or ensemble of populations. In this study, source and sink are operational terms that designate whether a population is emitting or recei -ving larvae, and, therefore, do not carry any consideration as to the value of the habitat in question, as they do in Pulliam (1988) . Moreover, implicit in the concept of supply is that it always refers to competent larvae (i.e. megalopae) that successfully recruit to any population.
In the present study, we were interested in the inter-annual and spatial patterns of connectivity. To this end, we calculated square connectivity matrices describing the annual accumulated supply of competent larvae from source population i (i = 1 to k) to sink population j ( j = 1 to l):
In matrices C y , each element was normalised by the total number of larvae hatched from all populations. These matrices formed the basis to calculate a series of descriptors of the dispersal and connectivity processes.
Annual supply from each source population was defined as the number of larvae originating in that population that successfully recruited into any population, normalised by the total number of larvae hatched. This was calculated as the sum of the respective i line of matrix C y :
(2) Similarly, annual supply to each sink population was defined as the number of larvae that recruit into that population independently of the source population, also normalised by the total number of larvae hatched, and calculated as the sum of the respective j column of matrix C y :
Additionally, we calculated net supply to each population as the difference between supply from and supply to that population:
Dispersal kernels describe propagule dispersal as the probability density function [P(x)] of the number of propagules that recruit as a function of distance from the source. Since the populations considered in this study are not equally spaced along the coast, we first calculated larval dispersal kernels for each source population by re-indexing the connectivity matrices in Eq. (1) relative to distance along the coast, using 50 km bins. Moreover, because we are interested in realised dispersal, i.e. dispersal by larvae that recruit successfully, dispersal kernels were standardised by dividing each element by the total number of larvae that were produced by that population and that recruited subsequently. This resulted in an annual dispersal kernel for each source population centred on 0 km and describing the probabilities of supply binned into 50 km intervals. Finally, we averaged for the ensemble of source populations in order to obtain annual coast-wide dispersal kernels. Since flow along the coast is not stationary, leading to non-uniform dispersal along the coast, and because each population receives larvae from multiple sources, we were also interested in describing the dispersal distances travelled by larvae that were supplied to each population. Therefore, following Aiken et al. (2007), we also calculated accumulation kernels as the distribution of these dispersal distances, in a similar way to the dispersal kernels but standardising by dividing each element of the kernel by the total number of larvae that recruited into that population.
In the above calculations, distances travelled northward were always defined as positive distances, and distances travelled southward as negative distances. Connectivity matrices, dispersal and accumulation kernels and supply from source and to sink populations were calculated for the 9 yr period by averaging the annual values. In order to assess the fit of the dispersal kernels to a Gaussian distribution, we used Chi-square goodness-of-fit tests comparing observed and expected frequency distributions.
Shelf circulation in the western Iberian Peninsula is mostly controlled by along-shore winds. These are related to the intensity of the Azores anti cyclone (Wooster et al. 1976 , Fiúza et al. 1982 and its associated northerly winds on the one hand, and to the passage of atmospheric cold fronts and its associated southwesterly winds on the other. In order to inspect the influence of inter-annual variation of wind circulation on dispersal and total supply patterns, we correlated annual average dispersal distance against the annual values of the North At lantic Oscillation (NAO) station-based index (NCAR Earth Systems Laboratory, Climate Data Guide, (https://climatedataguide.ucar.edu/ sites/ default/files/cas_data_ files / asphilli/ nao_station_annual.txt). This analysis was performed only on dispersal distances of larvae leaving from source populations. Additionally, we also separately correlated total supply to the ensemble of populations, as well as total supply to the ensemble of populations in the coasts to the north and to the south of the Estremadura Promontory (Fig. 1) , against the annual NAO values. Since supply is measured as Larvae hatched from estuaries located close to the east limit of the target domain may be lost from the model during periods of persistent eastward advection, with the probability of loss increasing with decreasing distance of the source population to the limit, which would affect the estimates of supply to the sink populations. The model predicted that less than 0.2% of the larvae hatched from Muros-Noia and from Mira, the estuaries located on the northern and southern extremes of the west coast, were advected beyond the east limit of the target domain. Since the along-shore flow in the target domain is oscillatory in nature, and assuming that there are no very large flow asymmetries, this value may be taken as an approximation to the maximum contribution of larvae hatched from the estuaries located along the north and south coasts that would be supplied to estuaries on the west coast if they had not been lost from the model domain. The impact of this larval leakage on populations on the north and south coasts cannot be calculated, but its effect on the estimates of larval supply to the array of estuaries located on the west coast is negligible. Therefore, we only provide estimates of dispersal, accumulation and supply for the populations located on the west coast of the Iberian Peninsula, although we include larvae supplied from the remaining populations on the estimates of accumulation and supply.
RESULTS
Wind stress patterns
QuikSCAT meridional (along-shore) daily wind stress from 2 sites located off the northwestern (42.5°N, 10.0°W) and southwestern (37.5°N, 10.0°W) coasts of the Iberian Peninsula are displayed in Fig. 2 for the first 7 mo of 2001 to 2009. A dominant southward component was present in the north and south sites during the reported period, but several differences in wind stress patterns between the 2 sites are also conspicuous. Episodes of northward wind stress were much more frequent and intense in the northern than in the southern site from January to April. From May onwards, episodes of northward winds were much less frequent in the northern site, but still more common than in the southern site. Overall, the variability of wind stress was smaller in the southern than in the northern site. Important inter-annual variability was also present. Fig. 3 ). These transport patterns agree to a large extent with the inter-annual variability of the wind (Fig. 2) .
Dispersal and accumulation kernels
Annual dispersal and accumulations kernels predicted by the model (Figs. 4 & 5) were asymmetrical and deviated significantly from Gaussian distributions (p << 0.001 in all cases, according to Chi-square tests), indicating that the dispersal process is strongly influenced by non-homogeneous processes. Moreover, in most cases self-recruitment was higher than predicted from a Gaussian distribution, as indicated by large frequency values of the 0 km distance class.
Supply from source and into sink populations
Total supply from source populations (Fig. 6 ) generally decreased southward for most of the years. Supply from the 3 northern estuaries, and in particular from Vigo (x = 349 km), was consistently higher than supply from the other source populations. Usually, supply from Sado and Mira estuaries, on the southern Portuguese coast, was slightly higher than supply from Tejo, which is located immediately to the north. Total supply into sink populations (Fig. 7) ply to Ria de Aveiro and Mondego was below average compared to the whole west coast. Often, supply into the Muros-Noia and the Mira estuaries, located close to the extremes of the west coast, was higher than supply to the adjacent populations. Total supply to the ensemble of populations along the west coast, calculated as the sum of the supply to all the populations in each year, was not correlated with the annual NAO index (r = 0.07, p > 0.848). Similarly, supplies to the segments of the coast to the north and to the south of the Estremadura Promontory were uncorrelated with the annual NAO index (r = −0.15, p > 0.691 and r = −0.29, p > 0.443, respectively).
Net supply to each population
As a result of the trends in supply from source and into sink populations, net supply in the northwest coast was usually higher than in the central and southwest sections of the coast (Fig. 8) . Vigo and the other Galician Rias (and to a lesser extent the Minho and the Cávado) acted as net sources of larvae, while the Ria de Aveiro and the Mondego (and to a lesser extent the Tejo) as net sinks. In the Sado and the Mira, net supply oscillated around 0.
Integrated trends and dispersal matrix
The trends described above are summarised in Fig. 9 , which integrates the whole 9 yr period. Larvae leaving from source populations displayed little average dispersal distances in February and the in first half of March. As the year developed, a trend towards increasing southward transport was predic ted (Fig. 9A) , as a response to the predominance of northerly winds after the spring transition, starting in April and May (see Fig. 2 ). Average dispersal for all populations ranged from −15 to −77 km (Fig. 9B) , whereas average accumulation distance ranged from 0 to −166 km (Fig. 9C) . The large southward distances travelled by larvae recruiting into the Mondego and, especially, the Tejo estuary were caused by the net southward dispersal along the coast and the large habitat gap between these 2 estuaries. The consequence of the 2 processes is that larvae recruiting into the Mondego came mostly from the north (no larvae from the Tejo and the other estuaries to the south ever reached the Mondego), and that most larvae that recruited into the Tejo originated from this same estuary and from the Ria de Aveiro and the Mondego to the north. Total supply from source populations showed a clear decreasing trend south- wards, with the Vigo estuary appearing as the largest contributor (Fig. 9D) , while total supply to sink populations peaked in the Ria de Aveiro and in the Mondego (Fig. 9E) , resulting in contrasting patterns of net supply be tween the northern group of estuaries, all with positive values, and most of the remaining coast, where net supply is negative except in the Sado estuary Fig. 9F ). Both dispersal and accumulation kernels (Fig. 9G,H ) departed significantly from Gaussian distributions (p << 0.001 according to Chi-square tests). The Muros-Noia and Vigo populations, characterised by persistent annual net positive supply, and the Ria de Aveiro and Mondego estuaries, where annual net supply was consistently negative (see Fig. 8 ), form a source-sink cell in the northwest coast (Fig. 10) . Net sources as Vigo and Muros-Noia contributed to populations located as far as 375 km to the north and 525 km to the south (Fig. 10 A,B) . Larvae recruiting into net sinks travelled much less. Larvae that recruited into the Ria de Aveiro to the most part origi nated up to 75 km to the south or 275 km to the north, while those supplied to the Mondego all came from the Mondego itself or from northward populations located up to 325 km away (Fig. 10 C,D) .
The connectivity matrix for the 9 yr period is represented in Fig. 11 . The upper triangular matrix in the figure shows darker greys, indicating an overall tendency for dispersal in the equatorward direction (compare with the dispersal kernels shown in Fig. 4) . The 9 yr connectivity matrix also shows that the larvae originated from the Tejo and the other southern populations do not recruit into populations located to the north of the Tejo.
DISCUSSION
In the present study, we used a previously validated biophysical model able to realistically describe the links between dispersal from multiple sources and supply of larvae of the common shore crab (Domingues et al. 2012) , in order to investigate how coast-wide patterns of connectivity might be affected by seasonal and inter-annual variability of wind for cing. The predictions of the model strongly suggest several persistent spatial and temporal patterns of connectivity, related to the wind-driven circulation around the Iberian Peninsula, the availability of habitat and the configuration of the coastline. Some of these patterns are non-trivial or counterintuitive, and may be relevant for understanding the ecology of the Iberian coastal ocean and the management of marine biodiversity and resources in the area. 
Spatial and inter-annual variability of dispersal patterns
Annual dispersal and accumulation kernels deviated markedly from Gaussian distributions, implying that dispersal does not follow a simple advectiondiffusion model (Largier 2003 , Siegel et al. 2003 . Most had higher than expected probability densities at 0 km, under Gaussian dispersal, indicating a possible exponential decrease of supply from (to) the source (sink) populations. An exponential decrease of supply would be expected under a constant rate of recruitment through time, which is usually modelled through a Laplace distribution (Neubert et al. 1995) . Since the annual dispersal kernels we created result from several episodes of larval production distributed regularly along the reproductive season, it is reasonable to assume a Laplace-type dispersal and supply. However, the kernels we obtained were often polymodal, which may be a consequence of uneven spacing of the populations along the coast. Given these complexities, we did not attempt to fit other theoretical dispersal kernels to those predicted by the model.
Predicted net dispersal was usually southward during the larval season of Carcinus maenas. This result is consistent with the dominant mode of circulation along the west coast of the Iberian Peninsula during spring and early summer, which is a season dominated by upwelling-favourable winds (Relvas et al. 2007 ). This equatorward transport was apparent in the dispersal and accumulation kernels of all of the 9 yr except 2001, where the average of the dispersal and accumulation kernels had opposite signs.
The year 2001 was unusual in that it showed extremely strong northward advection during a 3 mo period in late winter, driven by recurrent cold fronts. The passage of cold fronts is associated with south-westerlies and rain in the region, which are usually more intense north of the Tejo River. This asymmetrical impact of cold fronts between the north and south coasts of the Iberian Peninsula is a well-known feature of the weather patterns of the region (Relvas et al. 2007) , is reflected in the QuikScat winds patterns of Fig. 2 and is documented for the year 2001 (Marta- Almeida et al. 2002) . The very strong activity of these fronts in 2001 led to extended periods of wind-driven poleward flow, reinforced by the gravitational flow of extremely large volumes of fresh water discharged by the rivers, especially in the northern section of the west coast. These exceptional weather circumstances were captured by the time series used to force the model. As a result, the predicted flow along the coast was markedly asymmetrical, with a very strong northward transport in the northern section, but little net flow south of the Tejo during late winter and early spring. This situation lead to very large positive dispersal distances of the larvae supplied from the northern estuaries, especially the Mondego and the Ria de Aveiro, which resulted in the positive average of the dispersal kernel (Fig. 4) . Larvae hatched from southern estuaries were not subjected to this northward flow. Therefore, the estuaries in the northwest coast were not supplied with larvae originating from the southwestern or northern coasts for an extended period of time. The result of this was the lowest predicted supply to the Mondego and the Ria de Aveiro in the whole 9 yr period (Fig. 7) , and a dispersal kernel with a positive average for all of 2001 (Fig. 4) . The inter-annual variability of average dispersal length was associated with the annual NAO index. Positive values of the NAO were recorded during 2002, 2004, 2007 and 2008 , associated with a clear tendency for equatorward transport as predicted by the model. Positive NAO values are caused by the intensification of the Azores subtropical anticyclone, which promotes an intensification and persistence of equatorward winds and its corresponding southward transport along the western Iberian margin. The only year with a positive average northward transport was 2001, and this was also the year when the lowest NAO value was registered. The frequent passage of low-pressure centres with associated cold fronts and southwest winds, which promote circulation in the northward direction along the shelf, are characteristic of negative NAO values. Intermediate (near-0) NAO values produced more variable results, with predicted average negative transports ranging from close to zero to more than 120 km (the highest predicted southward transport). The consistence between the annual NAO index and the inter-annual variability of average dispersal length reproduced by the model support its predictive ability, as was verified previously (Domingues et al. 2012) .
Connectivity cell
A non-trivial prediction was the identification in the northwest coast of a contiguous set of populations characterised by persistent inter-annual net positive (Vigo and the other Galician Rias) or negative (Ria de Aveiro and Mondego) supply, indicating the pre sence of a source-sink cell (Fig. 10) . Net sources in this cell were more extensively connected than the net sinks.
That is, the sources supplied larvae to a wide range of populations, while net sinks received larvae from a narrower range of populations. An asymmetrical source-sink cell has also been proposed for the southeastern Pacific upwelling system (Aiken et al. 2007 ), based on a modelling study of passive larval dispersal from equally spaced populations, but in this case the net sinks were more extensively connected than the net sources. Part of the predicted effect in the Iberian coast is caused by the 190 km gap without estuaries between the Mondego and the Tejo, which decreases successful southward dispersal by larvae lasting 4 to 6 wk in the plankton stage. This habitat gap also constrains the range of coastline where supply from the south is possible during the shorter periods of poleward advection. A lower success of southward dispersers caused by this gap would explain a lower recruitment success of larvae hatched from the Ria de Aveiro and the Mondego, and a supply deficit from the south would cause the short geographical range of successful supply from southward populations. However, these factors do not explain the consistent patterns of higher than average supply to these estuaries (Fig. 7) that result in the accumulation of a surplus of larvae in this section of the coast, nor the shorter range of supply from the north. Therefore, some property of the oceanographic circulation in the region centred in the Ria de Aveiro and Mondego estuaries (Fig. 1 ) likely contributes to enhanced retention in the area. Recent investigations into the oceanography of the western Iberian coast (Relvas et al. 2007 ) suggest a possible explanation to enhanced retention in the area of Ria de Aveiro and Mondego estuaries. An analysis of nearly 2000 sea surface temperature satellite maps for June to September of 2001 to 2005 (Relvas et al. 2007 ) indicated 3 main coastal upwelling centres along the western Iberian coast, with average temperatures more than 3°C cooler than offshore waters. These areas are located between the Minho and Douro estuaries, between the Capes Carvoeiro and Espichel, and between the Capes Sines and S. Vicente (see Fig. 1 ), and correspond to the sources of the recurrent upwelling filaments characteristic of the Iberian upwelling zone. The higher average temperature off the long stretch of mostly linear coast between the Douro and Cape Carvoeiro identified from this analysis likely results from the cyclonic onshore return flow south of the filament jet that originates from the upwelling source to the north. Relvas et al. (2007) suggest that these recurrent circulation patterns originate a retention zone in this stretch of the coast. This mechanism was identified from observations made during the summer months, while the simulated larval dispersal season extends from February to July. However, the basic mechanism may still apply during much of this period, because of the oscillatory nature of the wind patterns in the region, with frequent episodes of upwelling throughout the year and increasing persistence from March onwards. One of the predictions of the model is that the successfully recruiting larvae do not leave the inner shelf zone and are oscillating along the coast in response to the intensification, relaxation and reversal of the wind events (Domingues et al. 2012) , and would not be subjected to extended offshore transport and return to the coast. However, a dampened average equatorward transport in the area of the Ria de Aveiro and Mondego estuaries, caused by the recirculation associated with the upwelling filament, could explain the accumulation of larvae in the area, the predicted net sink pattern and the predicted constrained connectivity of the net sink populations.
Implications for genetic structure
The patterns and mechanisms of connectivity identified in this study may be relevant for understanding observations of population structure of Carcinus maenas and of other coastal species along the Atlantic coast of the Iberian Peninsula. Adult populations of the shore crab located to the north and south of the Estremadura Promontory sampled in 2005 showed a slight, but significant, genetic differentiation (Pascoal et al. 2009 ). When these populations were sampled in 2006 and 2007 within a larger study, no signs of genetic structure were found (Domingues et al. 2010) and differences between adult populations and contemporary larval cohorts were also nonexistent (Domingues et al. 2011b) . Information on gene flow and phylogeographic structure available for the European Atlantic coast, including the region of the Iberian Peninsula, for several sedentary littoral invertebrate (Duran et al. 2004 , Stamatis et al. 2004 , Triantafyllidis et al. 2005 , Weber & Hawkins 2006 , Couceiro et al. 2007 , Diz & Presa 2008 , Sotelo et al. 2008 , Campo et al. 2010 ) and fish (Francisco et al. 2006 , Domingues et al. 2007 ) species with planktonic larval development times over 2 wk indicates the absence of clear genetic discontinuities in the region. Theoretical studies demonstrate that, in the presence of net along-shore flows, spatial genetic discontinuities in species with moderate planktonic development times can only persist as long as there is some selection favouring the downstream alleles, either because of a spatial gradient in selection, or because of along-shore variations in recruitment intensity associated with habitat quality or larval transport (Pringle & Wares 2007) . The majority of the observations for the west coast of the Iberian Peninsula would indicate that selection factors, habitat effects and flow characteristics are not strong enough to maintain genetic clines in this region. Moreover, the frequent current reversals at time scales of 3 to 7 d (Sousa & Bricaud 1992 , Almeida & Queiroga 2003 and the relatively strong current mean speeds at event scales reaching over 15 cm s −1 (Martins et al. 2002) indicate that most of the habitat gaps for rocky shore, sandy shore or estuarine species might be overcome during their planktonic dispersal phase. Since the period of these flow reversals is much shorter than the reproductive season of most species, this would also contribute to a homogenization of genetic frequencies (Byers & Pringle 2006 ). Yet, the fact that C. maenas shows slight instabilities in the spatial genetic structure might be linked to the habitat gap north of the Tejo, to a possible retention effect or to the inter-annual variability of larval transport. Temporal genetic variation is a common feature of marine populations (Selkoe et al. 2008) and is likely to be unveiled as data accumulate (Kordos & Burton 1993 , Nielsen et al. 2004 , Pujolar et al. 2006 , Selkoe et al. 2006 ) and better descriptions of dispersal, habitat quality and selection become available.
If the predictions on the general mechanisms and extent of Carcinus maenas larval dispersal made by the present model do represent the main trends of larval dispersal and population connectivity of species with similar larval ecologies around the Iberian Peninsula, then it appears that the absence of genetic structure in these populations derives from a lack of major barriers to along-shore larval dispersal in this area. This situation contrasts with the deep phylogeographic breaks identified in California, a region also affected by upwelling where genetic discontinuities cluster around the Los Angeles and the Monterey Bay areas (reviewed by Dawson 2001 , Pelc et al. 2009 ). These breaks are proposed to be maintained by ancient discontinuities in current patterns, habitat gaps and temperature regimes influencing larval dispersal and selection, which would not have been affected much by the sea level and climate changes that took place through the Pleistocene and Holocene (Dawson 2001) . Much less data are available from the upwelling system of the northeast Atlantic than from its counterpart in the northeast Pacific, but the apparent contrast between these 2 regions regarding the prevalence of genetic structure indicates differences in the physical and geological background between these 2 upwelling areas, stressing the need for and interest in a comparative study between the 2 systems.
Implications for colonisation of invaded regions
Carcinus maenas has invaded several regions of the world since the end of the 19th century (Carlton & Cohen 2003 , Darling et al. 2008 and is included in the IUCN list of the 100 most dangerous invasive species. Range expansion, mediated by larval dispersal, is reported in some of the invaded regions (Yamada & Kosro 2009 , Thresher et al. 2003 . Some of these range expansions are associated with infrequent events (within the species generation time). For instance, along the coasts of the northeast Pacific, northward spread has been reported during El Niño years characterised by poleward flows, which are opposite to the dominant equatorward flow of normal years. The results of the present modelling study indicate average annual dispersal distances that may exceed 100 km. During the 9 yr of simulations, a few larvae successfully dispersed up to 540 km from the source populations in either direction (not shown), concurrently with long periods of especially intense wind events. Given these dispersal estimates and the possibility of still longer-range transport during extreme events with larger return periods, spread of the species in the invaded regions is not likely to be limited by larval dispersal alone, except perhaps in regions with strong and persistent hydrographical barriers (Gaylord & Gaines 2000 , Dawson 2001 , Pelc et al. 2009 ). 
